Populations of Drosophila melanogaster that have been artificially selected for late age of reproduction evolve longer life spans and, in some cases, reduced early fecundity. The negative correlation is widely interpreted as evidence of antagonistic pleiotropy. Here, we show that the correlation breaks down in recombinant genomes. A major quantitative trait locus that increases adult life span by 20% has no detectable effect on early fecundity. Several recombinant genotypes are superflies, exhibiting both elevated early fecundity and long life. The genetic correlation of early fecundity and life span is not different from zero, while the midlife fecundity correlation is positive and statistically significant, suggesting age-specific adaptation. The results are not consistent with a dominant role for negative pleiotropy, but can be understood in terms of a mixture of pleiotropic and recombining nonpleiotropic elements. Life span and early fecundity can be genetically uncoupled.
P oPULATioNS of Drosophila melanogaster that have been bred for long life via selection for advanced age of reproduction have been a staple of experimental studies on life history evolution since the 1980s (1) (2) (3) (4) (5) (6) (7) (8) . The most influential idea to emerge from this line of research is the proposal that fly life histories are governed by an underlying trade-off between life span and fecundity early in adult life, and further that the trade-off is mediated by negatively pleiotropic genes. Pleiotropic variation might play a central role in the evolution of senescence (1, 5, 9, 10) and also has implications for the maintenance of genetic variation and the nature of genetic variance components in natural populations (11) (12) (13) .
in support of the trade-off idea, major mutations that extend life in Drosophila and other experimental organisms are usually detrimental with respect to some aspect of fitness (14, 15) . However, detailed information about specific negatively pleiotropic genes playing a role in the life history evolution of experimental or natural populations is thin (16, 17) . As noted by Anderson and coworkers (18) , trade-offs observed in experimental populations are often highly conditional, making it unclear whether there are unavoidable functional constraints. in the absence of such constraints, it would be possible to genetically uncouple life span and early fecundity.
We recently studied survival and reproduction in recombinant inbred lines (RiLs) of D melanogaster (19) that were derived from the classic selection experiments of Luckinbill and coworkers (20) (21) (22) . We observed that long-lived RiLs had, on average, early fecundity levels that were statistically indistinguishable from other lines. The longevous lines also exhibited a second peak of fecundity in midlife, 20-30 days postemergence, that was not present in other lines. The genetic correlation between life span and early fecundity was not statistically different from zero, while the correlation between life span and midlife fecundity was positive and statistically significant. Several recombinant lines, termed "superflies," exhibited both exceptional longevity and high levels of early fecundity. These observations are not consistent with the hypothesis that antagonistic pleiotropic genes played a major role in the experimental evolution of longer life spans. However, because the genotypes were derived from a cross between one genome selected for long life and one control, it is unclear whether the results apply more broadly or are unique to the narrow genetic base investigated.
Here, we report on heritable life history variation in a second set of RiLs independently derived from the Luckinbill artificial selection experiment with different founding parents. While we find a substantial trade-off between life span and early fecundity in the parental lines, the negative correlation breaks down in the RiLs. We find evidence for a major quantitative trait locus (QTL) that increases life span by 9 days but has no detectable effect on early fecundity, demonstrating that the life history components can be genetically uncoupled.
Materials and Methods

Fly Stocks
We used RiLs of D melanogaster that were derived from stocks selected for long life via late reproduction, and their unselected controls (20) (21) (22) . inbred lines were founded using flies from Luckinbill's long-lived LA and control SD1 populations. Following 28 generations of sib-mating, 20 selection-derived l inbred lines were found to live on average 60% longer than 20 control-derived S inbred lines (23) . Two inbreds were chosen from the middle of the l and S life span distributions as RiL parents. Progenies of l18 × S11 were sib-mated for 28 generations to produce 60 RiLs, of which 57 survived for use in this study, in addition to parental lines. Stocks were maintained on a 2-week generation schedule on cornmeal-molasses medium in a walk-in incubator at 24°C and 60% humidity under constant illumination.
Survival Data
Complete adult survival was measured in age-synchronized mixed-sex cohorts in two noncontemporaneous experimental blocks. There was one population cage for each RiL in each block. Experimental cohorts were reared in half-pint bottles under controlled density of 100 larvae per bottle. Adult flies of both sexes emerging within a single 24-h period were collected under light Co 2 anesthesia and housed in 8-dram shell vials with fresh medium while recovering. Approximately 140 males and 140 females of each RiL were then placed in 3.8 L population cages specially designed for the collection of survival data (24) . Medium in the cages was changed frequently to prevent recruitment of new adult flies. Dead flies, approximately 32,000 in total, were counted and removed daily until the last death 95 days after emergence.
age-Specific Fecundity
We collected and counted 827,000 eggs laid by flies aged 1-73 days. Beginning on the first day after emergence and continuing every third day, old medium in the population cages was replaced with fresh 11-cm-diameter cookies of agar-yeast-cornmeal medium. Cookies with eggs were removed after 16 h and stored at 4°C to retard hatching. Eggs were counted manually under a dissecting microscope; we have found this procedure to be more accurate than automated or photographic counting, which are subject to error due to egg clumping. Egg counts for each cohort continued until extinction, or four consecutive zero counts. Cohort-based estimation of fecundity is in some ways less informative than observation of individual flies, but in the present context it is the most useful method because it mimics that conditions under which populations were artificially selected.
QTl Mapping
QTL mapping employs marker loci throughout the genome to identify chromosomal regions that influence phenotypes of interest. We used informative markers (presence or absence of roo transposable elements) fixed for alternative alleles in the parental lines, including 11 markers on the X chromosome, 35 on chromosome ii, and 30 on chromosome iii (23, 25) . There are no useful markers on chromosome iV. Average marker spacing was 5.0 cM. We used QTL Cartographer version 2.5 (26) for interval, composite interval, and multiple trait mapping (27, 28) with Kosambi mapping function and ri2 mating design. Mapping methods test the hypothesis that there is a QTL in each interval between adjacent markers. Composite interval mapping controls for linked QTLs outside the test interval; because there can be sensitivity to the size of the control window, we tested a range of window sizes from 5 to 20 cM and found that a 10-cM window gave the most consistent results. Significance levels were determined by 1,000 random permutations of the data for each test. Because thresholds for statistical significance can vary depending on model parameters, we investigate the possibility of pleiotropy for both statistically significant and suggestive QTL peaks (likelihood ratios >10). Tests for pleiotropy are asymmetrical: the absence of overlapping QTL peaks for two traits rules out pleiotropy, while the presence of overlapping peaks suggests that pleiotropy is possible, but does not constitute a definitive demonstration.
Data analysis
Systat version 10.2 with supplementary Survival module (Systat Software inc.) was used for analysis of variance, estimation of variance components, correlation coefficients, and logrank statistical tests. Genetic correlations were estimated from the product-moment correlation of inbred line means (29) . Age-specific fecundity per female was estimated as (number of eggs in a sample)/(effective number of live females), the denominator being the number of females alive for the entire collection period plus half the number of female deaths occurring during that period. This method produces unbiased estimates of fecundity provided that exact times of death are randomly dispersed over egg collection intervals.
Results
life Span
Age-specific survivorship of 57 RiLs studied in two experimental blocks is shown in Figure 1 . Grand mean adult life spans were 38 days in females and 42 days in males (Table 1) . Average life spans varied more than twofold among lines, from 22 to 57 days in females and from 24 to 66 days in males. To estimate the genetic component of variation, life span measurements of individual flies were log transformed for normality and then subjected to oneway analysis of variance. Lines are a statistically significant source of variation in females (F 56/∞ = 128, p < .001) and males (F 56/∞ = 80, p < .001). Broad-sense heritabilities are 33% and 30% in females and males respectively. Male and female life spans are highly correlated across lines (r = 0.83, p < .001).
Fecundity
in D melanogaster oviposition typically begins soon after emergence, peaks during the first week of adult life, and then declines with increasing age. Average age-specific fecundities observed in two experimental blocks are shown in Figure 2 . Because fecundities were measured in two cohorts of each RiL, we can partition variation in fecundity rates into within-line and between-line components. Lines are a statistically significant source of variation in fecundity for all assay days from 1 to 52 postemergence (ANoVA, initial df = 56/57, all F > 2.0, all p < .01), after which few surviving lines remained fertile. Broad-sense heritability estimates for daily fecundities in that time period range from 0.33 to 0.69. The heritability estimates are larger than typically observed for reproductive traits, probably because our fecundity measurement is cohort based and therefore averages out variation between individual flies.
Pleiotropy and Recombination
The parental lines exhibited a negative correlation between life span and early fecundity ( Figure 3 ). Average life spans in l18 were 54 and 57 days in females and males, respectively, compared with 32 and 34 days in S11. Life-span differences between parental lines are statistically significant Figure 2 . Average age-specific fecundity per female in Experimental Blocks 1 and 2. Eggs were collected at 3-day intervals beginning on the first day after emergence and continuing until Day 73. Error bars = 2 Se. Collection days are offset slightly for clarity. Figure 3 . Survivorship (points) and age-specific fecundity (bars) in parental lines l18 and S11 and recombinant inbred line Ri74. l18 exhibits much longer life span and much lower early fecundity than S11. The negative correlation in the founding lines breaks down among recombinant progeny. Three superfly genotypes, including Ri74, exhibit both high early fecundity, like the S11 parent, and enhanced survival like l18. Egg counts are pooled over three consecutive sampling periods for clarity. Error bars = 2 Se.
(t > 4.0, p < .001). Age-specific survivorship differs between the genotypes (logrank test, p < .001). on the other hand, S11 fecundity in the first week of adult life, comprising egg collections on Days 1, 4, and 7, was more than twice that of l18 (Table 1 and Figure 3 ). The early fecundity difference between parental lines exceeds eight standard errors.
if the negative life history correlation observed in the parental lines were mediated largely by negatively pleiotropic genes, then the RiLs would be expected to exhibit a similar trade-off, because pleiotropic effects are immune to recombination. on the other hand, if there were significant genetic variance for life span and for early fecundity that is not tied up by negative pleiotropy, then recombination during stock construction would generate qualitatively recombinant phenotypes among the RiLs, including superflies that exhibit both long life and high levels of early fecundity (19) .
We identified several RiLs that qualify as superflies: they are in the top quartile for life span in both sexes, for early fecundity, and for midlife fecundity (Table 1) . Superflies have survival characteristics similar to l18, the long-lived parent, and early fecundities similar to S11, the control parent. An example of a superfly life history is shown in Figure 3 . The life spans of superflies exceed that of outbred populations studied in our laboratory under similar conditions, including both lab-adapted and recently collected wild stocks (30) , and are also exceptional in comparison with an unrelated panel of 144 RiLs studied under similar conditions in our laboratory (31) . Superfly life spans are comparable to that of Luckinbill and Clare's (21) outbred populations selected for late reproduction after 21 generations of selection. Fecundities of superflies in the first week of adult life are on average 40% greater than other RiLs tested at the same time, while midlife and total fecundities are 60%-70% greater (Table 1) . Contamination by wildtype flies is an unlikely explanation for the exceptional performance, because superflies exhibit a midlife peak in fecundity that is unique to stocks artificially selected for late-reproduction. The observation of superflies confirms similar observations in related RiLs (19) .
QTl Mapping
We used QTL mapping to localize chromosomal regions that influence life span and fecundity and to test for potentially pleiotropic effects. Fecundity data were analyzed on both a daily and a weekly basis by pooling data over three observation periods. The two methods yielded similar results. For clarity, graphical results are shown for the pooled analyses.
interval and composite interval mapping consistently detected a major QTL with positive effects on adult life span at cytological band 87B on chromosome iii (Figure 4a) . Two other life-span QTLs were suggestive or marginally significant, one on the X chromosome at 6E, and the other near the right end of chromosome ii at 57A (Figure 4a ). QTLs at 87B and 6E were not observed in sister lines derived from the Luckinbill selection experiment, while the QTL at 57A is indistinguishable from the one previously reported at 57B (23) .
The QTL at 87B has an unusually large effect on life span. Stratifying the data by marker genotype at 87B, we find that lines carrying the l marker live 9 days longer than those carrying the S marker and that the QTL accounts for one quarter of the total genetic variance for life span (ANoVA, F 1/55 = 18.1, p < .001, R 2 = 0.26). Lines carrying the l marker at 87B have higher age-specific survivorship and lower age-specific mortality at all ages (logrank test p < .001; Figure 5 ). The QTL at 6E increases life span by 5 days (F 1/55 = 5.6, p = .02, R 2 = 0.09), while the one at 57A increases life span by 4 days (F 1/55 = 2.3, p = .03, R 2 = 0.08). in combination, the three markers explain 45% of the genetic variance in life span, with the main effects of QTLs at 87B (F 1/49 = 12.6, p < .001), 6E (F 1/49 = 7.9, 4 , and 7 pooled) in two experimental blocks. Note that fecundity peaks do not colocalize with the major life span QTL at 87B. (c) QTL peaks for fecundity on Days 28-34 (solid) and 37-43 (dashed). For both peaks, the l allele is associated with increased age-specific fecundity. Colocalization with the major life span peak at 87B suggests positive pleiotropy. p < .01), and 57A (F 1/49 = 6.2, p < .02) all statistically significant. one second-order interaction term, 87B × 57A, is statistically significant (F 1/49 = 6.7, p = .01).
QTLs affecting fecundity on Days 1, 4, and 7 were detected on all three major chromosomes by analyzing sample days and experimental blocks separately (not shown). of the 10 QTL peaks that were either statistically significant or suggestive (likelihood ratio >10), all map 25 cM or more removed from the major life span peak at 87B. Analysis of variance confirms that genotype at 87B has no significant effect on early fecundity (F 1/55 = 0.5, p = .50, R 2 < 0.01). Two early fecundity QTLs colocalize with other life-span QTLs and are candidates for negative pleiotropy. At cytological band 6E, the l marker is associated with a decrease of four eggs per female in the first week of adult life (F 1/55 = 5.2, p = .03, R 2 = 0.08). The QTL at 57A reduces fecundity by three eggs per female, but is only marginally significant (F 1/55 = 3.7, p = .06, R 2 = 0.06). The combined analysis of early fecundity with three life-span markers and all possible interaction terms explains 16% of the genetic variance in fecundity and identifies only genotype at 6E as a statistically significant factor (F 1/55 = 5.5, p = .02). No interaction terms are statistically significant.
We also analyzed the fecundity data by pooling egg counts for three consecutive observation periods. For Days 1, 4, and 7 combined, there are statistically significant or suggestive fecundity peaks on chromosome ii, but none that colocalize with the life-span peak at 87B (Figure 4b ). Later in adult life, on Days 28-34 and 37-43, there are statistically significant or suggestive fecundity peaks that colocalize rather precisely with 87B (Figure 4c ). The l marker at 87B is associated with a near doubling of fecundity on Days 28-34, from 2.0 to 3.8 eggs per female ( Figure 6 ; ANoVA, F 1/55 = 6.2, p = .01, R 2 = 0.10). For Days 37-43, the l marker more than doubles fecundity, from 0.6 to 1.4 eggs per female, but is only marginally significant (ANoVA, F 1/40 = 3.2, p = .06, R 2 = 0.07). No other weekly analyses produce significant or marginally significant results. These observations demonstrate that the experimental design has sufficient statistical power to detect colocalized QTLs and also suggests that the QTL at 87B is a candidate for positive pleiotropy between life span and fecundity on Days 28-34.
Genetic correlations
For further analysis of the relation between life span and fecundity, we grouped RiLs into quartiles by average adult female longevity. Fecundity trajectories for the lifespan quartiles are shown in Figure 7 . Analysis of variance of daily fecundity rates reveals no statistically significant differences between quartiles in the first week of adult life. For Days 1, 4, and 7, R 2 is less than 0.08 on each day (all p > .20). For Days 25-37, quartiles are significantly different (all R 2 > 0.20, all p < .01), with the longest-lived quartile having the highest fecundity each day, the second quartile having the second highest fecundity, and so on. This result is similar to previous observations on sister lines derived from the Luckinbill selection experiment (19) .
if the enhanced midlife fecundity of long-lived genotypes were due to a shift of reproductive effort from early to later ages, then we would expect the genetic correlation between early and midlife fecundities to be negative. The estimate is not different from zero (r = .26, p = .13). Because the inclusion of "sick" lines that are depressed for all phenotypes can bias the correlation upward, we trimmed the bottom fecundity quartile and again found a non-negative correlation among the remaining lines (r = .32, p = .11). There is thus no evidence of a shift of reproductive effort from early life to midlife in these lines, as previously observed in the sister lines (19) .
Genetic correlations between female life span and daily fecundity rates with the bottom life-span quartile trimmed are shown in Figure 8 . Some of the genetic correlations observed in early adult life are negative, but none prior to Day 25 is statistically significant. From Day 25 through 43 inclusive all genetic correlations are positive and statistically significant (all r > .49, all Bonferroni corrected p < .01). This differs somewhat from previous observations on sister lines, which exhibited positive significant correlations for . Minor differences in timing could arise from genetic differences (the two sets of lines have different QTLs), different microenvironments (the experiments were performed at different times), and different sampling schedules (2 days vs 3 days). We emphasize that in both experiments we observed positive life span-fecundity correlation for at least some of the period between Day 20 and 30, when artificial selection was exercised. The analysis of quartiles confirms this conclusion in both studies (Figure 7 ).
Discussion
our experimental material is uniquely suited to detect potentially pleiotropic genetic effects on Drosophila life history: The parental lines are derived from a type of artificial selection experiment in which negative pleiotropy is widely thought to have played a dominant role; the parental lines exhibit a substantial trade-off between life span and fecundity in the first week of adult life; the RiLs exhibit a wide range of life spans and age-specific fecundities with sizable heritabilities; genotypes are replicated within lines, increasing the power to discern genetic effects over random environmental noise. if antagonistic pleiotropy plays a major role, these are ideal conditions for detecting it.
We identified 10 statistically significant or suggestive QTL peaks for fecundity on Day 1, 4, or 7, 2 of which are candidates for negative pleiotropy based on colocalization with life-span QTLs. Analysis of pooled fecundities for the first week of adult life produces no colocalizations. one of the three life-span QTLs has an unusually large effect on survival but no detectable effect on early fecundity: carriers of the l marker at cytological band 87B live 9 days longer than carriers of the alternative S marker and exhibit higher age-specific survivorship and lower age-specific mortality at all adult ages. None of the early fecundity QTLs map within 25 cM of 87B. The rosy locus is nearby, at cytological band 87D. Xanthine dehydrogenase, encoded by rosy, is known to be upregulated in long-lived lines of D melanogaster and is thought to play a role in antioxidant defense (32, 33) .
Analysis of fecundity at more advanced ages reveals a single statistically significant QTL that precisely colocalizes with the major life-span QTL (Figure 4c ). The l marker at 87B is associated with a near doubling of fecundity on Days 28-34 and is therefore a candidate for positive pleiotropy with life span.
With one exception, life-span QTL locations reported here differ from those observed in sister lines established with different founders from the Luckinbill selection experiment (23) . The exception is the QTL at 57B, which is indistinguishable from the previously reported QTL at 57A (23) . Differences between experiments can be explained by considering the history of the stocks. if alternative alleles had increased to fixation in selected and control populations during the artificial selection experiment then all pairs of randomly sampled long-lived and control flies would exhibit the same genetic differences. However, if experimental populations were segregating variants that affect life span and fecundity when flies were sampled to produce inbred lines, then different sets of RiLs derived from the inbreds would be expected to carry different variants. in general, a single inbred line established by random sampling of a heterogeneous population is expected to capture only 25% of the genetic variance (29) . The most parsimonious explanation for differing QTLs in different experiments is therefore that the original selected and control populations were segregating when inbred lines were founded.
The mapping data suggest that negative pleiotropy plays a relatively minor role in Drosophila life history variation. A limitation of this conclusion is that QTL mapping detects only part of the genetic variation. The QTLs reported here account for about half of the genetic variance in life span. it is possible that undetected genes of smaller effect, which are inherently more difficult to localize, are negatively pleiotropic. We also note that pleiotropy is not likely to be detected if effects are asymmetric, ie, if a QTL has large effect on one trait and minor effect on the other. Thus, the mapping experiment is informative about pleiotropy in a limited way: it tests whether QTLs of large effect on life span have large effect on early fecundity, and vice versa. it does not test the null hypothesis that there is no pleiotropy.
We observed that the genetic correlation between life span and age-specific fecundity is not significantly different from zero in early life, but is positive and statistically significant later in life. This pattern is consistent with our previous observations on sister lines (23), but is not consistent with overriding negative pleiotropy. While it is often noted that inbreeding can bias genetic correlations upward because of lines that are weak in all fitness components, there are several reasons to think that the bias is minimal or irrelevant here. First, trimming the weakest lines has little effect on the correlation estimates and no effect on the overall pattern of correlations. Second, QTL mapping results complement and reinforce the genetic correlation estimates. That is, life span and early fecundity exhibit predominately nonoverlapping QTL peaks and zero genetic correlation, while life span and midlife fecundity exhibit a single overlapping QTL peak with positive effect on both phenotypes and positive genetic correlation. Third, there is an historical component to our observations that is difficult to explain as an artifact of inbreeding. The RiLs are descended from founders that exhibited a strong negative correlation between life span and early fecundity. The negative correlation broke down among recombinant progeny. Because both the founding lines and the recombinant progeny are inbred, it is not at all clear how inbreeding depression could account for the observations.
The longest-lived RiLs exhibit, on average, higher fecundity at all ages after Day 22 ( Figure 7 ). This is roughly consistent with observations on the sister lines, which exhibited enhanced fecundity from Day 19 to 30 (19) . Minor timing differences between experiments may be due to different QTLs in the two sets of lines, as discussed above, microenvironmental variation, and also to different sampling schedules. The general pattern of enhanced midlife fecundity in long-lived lines can be understood by considering the evolutionary history of the stocks. The artificial selection experiment from which both sets of RiLs are derived involved selection for longer life span and enhanced midlife fecundity. Populations were selected for long life by collecting eggs at an advanced age, 20-30 days after emergence, and then using those eggs to found subsequent generations (20) (21) (22) . When continued generation after generation, this procedure enriches the gene pool of the selected populations for alleles that improve both survival and midlife fecundity, producing a positive correlation. Most long-lived stocks produced by artificial selection in Drosophila have the enhanced midlife fecundity phenotype (6) . our observation of positive genetic correlation between life span and midlife fecundity in two sets of RiLs is, we suggest, evidence of age-specific adaptation to the pressures of artificial selection.
Several RiLs are superflies, exhibiting long life like the longevous founding line and high early fecundity like the control founder (Figure 3 ). The existence of superflies (19) can be readily understood in terms of recombination of nonpleiotropic elements, but is incompatible with overriding negative pleiotropy. That is, if most or all of the genetic differences between selected and control genomes were tied up by negative pleiotropy, then long-lived RiLs would necessarily have low early fecundity. on the other hand, given nonpleiotropic variation, recombination, and genetic segregation can produce all combinations of phenotypes, including superflies, which have now been observed in two sets of RiLs (19) .
Taken together, our observations suggest that it would possible to select for increased life span without reducing early fecundity. in particular, life span could be extended by 9 days by increasing the l marker at 87B from low to high frequency, with no effect on early fecundity. The existence of superflies supports this conclusion. Life span and early fecundity are, in this sense, evolutionarily uncoupled.
our conclusions are largely consistent with earlier findings on sister lines (19) . They are also contrary to much of the fly life history literature, but not unique. Partridge and Fowler (34) selected flies for long life via late reproduction and found no decline in early fertility. Reviewing the evidence from life history studies of D melanogaster and the nematode caenorhabditis elegans, Flatt (35) notes that while most investigations report some tradeoff, a growing number of studies of life-extending mutations demonstrate that life span can be increased without reproductive cost. Exceptions include age-1 and certain mutations of daf-2 in nematodes, and dFoXo, chico, and indy in flies (references in 34). Also relevant is the recent study of Anderson and coworkers (18) , who selected experimental populations of c elegans for increased early fecundity and found no correlated response in life span.
in conclusion, we suggest that a monolithic view of Drosophila life history evolution, with all facets interpreted in terms of negative pleiotropy, is unjustified. The data suggest instead that both pleiotropic and nonpleiotropic variation play a role, and that, given the latter, life span and early fecundity can be genetically uncoupled.
